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I n t r o d u c t i o n  

S e v e r a l  t ypes  of f u e l  c e l l  sys tems are c u r r e n t l y  under  s t u d y  t o  meet t h e  
wide range  of a n t i c i p a t e d  power, weight  and d u t y  c y c l e  r e q u i r e m e n t s .  However, com- 
m e r c i a l  ( n o n - m i l i t a r y )  f u e l  c e l l  power sys t ems  w i l l  u l t i m a t e l y  have t o  consume t h e  
more economica l  hydrocarbon f u e l s  i n  o r d e r  t o  compete w i t h  ' e x i s t i n g  power sys t ems .  
T h i s  can  be accompl ished  i n  a number of ways.  The hydrocarbon f u e l  can  b e  f e d  
d i r e c t l y  t o  t h e  f u e l  c e l l  o r  i t  can be c o n v e r t e d  by r e fo rming  or p a r t i a l  o x i d a t i o n  
t o  hydrogen f o r  subsequen t  e l e c t r o c h e m i c a l  o x i d a t i o n .  Direct hydroca rbon-a i r  sys tems 
are g e n e r a l l y  s i m p l e r  b u t  t hey  r e q u i r e  a c i d i c  ca rbon  d i o x i d e  r e j e c t i n g  e l e c t r o l y t e s ,  
t h u s  n e c e s s i t a t i n g  a c i d  r e s i s t a n t  ( n o b l e  m e t a l )  c a t a l y s t s .  I n d i r e c t  sys tems c a n  i n  
p r i n c i p l e  use non-noble c a t a l y s t s  a t  t h e  expense  of sys tem complex i ty ,  and i n  t h e  
case of t h e  r e f o r m e r - a i r  sys tem an expens ive  pa l l ad ium d i f f u s o r  i s  r e q u i r e d .  

The development of a d i r e c t  l i q u i d  hydroca rbon-a i r  f u e l  c e l l  b a t t e r y  i s  
b e i n g  a c t i v e l y  pursued  i n  ou r  l a b o r a t o r y .  L iqu id  hydrocarbon f u e l s  a r e  p a r t i c u l a r l y  
s u i t a b l e  because  they  are i n e x p e n s i v e ,  r e a d i l y  a v a i l a b l e  m a t e r i a l s  w i t h  no t r a n s -  
p o r t a t i o n  o r  h a n d l i n g  problems.  Fu r the rmore ,  o p e r a t i o n  w i t h  l i q u i d  f u e l s  r e s u l t s  i n  
a s i m p l i f i e d  c a r b o n  d i o x i d e  s e p a r a t i o n  problem w i t h  no h e a t  d u t y  f o r  hydrocarbon 
v a p o r i z a t i o n .  U n f o r t u n a t e l y ,  t h e  e l e c t r o c h e m i c a l  r e a c t i v i t y  i s  i n h e r e n t l y  lower f o r  
l i q u i d  hydrocarbons  r e l a t i v e  t o  t h a t  of propane( ')  o r  b ~ t a n e ( ~ ) ( ~ ) .  
h i g h l y  a c t i v e  e l e c t r o d e  s t r u c t u r e s  a r e  r e q u i r e d .  

As a r e s u l t ,  

The development o f  h i g h  per formance  anodes  (1964-65)' and a c t i v e  ca thodes  
h a s  provided  a t o o l  f o r  t h e  e v a l u a t i o n  of t h e  e n g i n e e r i n g  f e a s i b i l i t y  of d i r e c t  
hydroca rbon-a i r  f u e l  c e l l  b a t t e r i e s .  T h i s  i s  p a r t i c u l a r l y  i m p o r t a n t  s i n c e  these 
a c t i v e  anodes a l l  e x h i b i t  f u e l  t r a n s p o r t  i n t o  t h e  i n t e r e l e c t r o d e  space .  Fue l  t r a n s -  
p o r t  and ca rbon  d i o x i d e  r e j e c t i o n  i n  t h e  i n t e r e l e c t r o d e  s p a c e  c o u l d  d i c t a t e  system 
d e s i g n  and o p e r a t i o n  c r i t e r i a .  

Consequen t ly ,  a l i q u i d  hydrocarbon ( d e c a n e ) - a i r  f u e l  c e l l  sys tem was de- 
ve loped  t o  a s s e s s  program assumpt ions  ( i n t e r f a c e  m a i n t a i n i n g  e l e c t r o d e s ,  thermal  
c y c l i n g  damage, 150'C o p e r a t i o n ,  e t c )  and i l l u s t r a t e  p o t e n t i a l  o b s t a c l e s  t o  t h e  use  
of t h e s e  nove l  e l e c t r o d e s  i n  h igh  power d e n s i t y  b a t t e r i e s ' .  L iqu id  decane  was 
s e l e c t e d  as t h e  r e p r e s e n t a t i v e  f u e l  because  i t  i s  t y p i c a l  o f  a commercial s a t u r a t e d  
hydrocarbon f u e l .  Major emphas is  w a s  p l a c e d  on examining  t h e  e l e c t r o l y t e  s p a c e ,  
f l ow and v e n t i n g  r e q u i r e d  t o  p r e v e n t  decane  t r a n s p o r t  t o  t h e  c a t h o d e .  Th i s  f u e l  
t r a n s p o r t  p r e s e n t s  a p o t e n t i a l  ' explos ion  haza rd  and  can  r e s u l t  i n  c a t h o d e  po i son ing .  
In a d d i t i o n ,  a f u e l  r ecove ry  scheme i s  r e q u i r e d  t o  m a i n t a i n  coulombic e f f i c i e n c y .  
The f i v e  c e l l  assembly t o  b e  d i s c u s s e d  was i n t e n d e d  a s  a r e s e a r c h  t o o l .  The re fo re ,  
no a t t empt  w a s  made t o  s i z e  o r  package t h e  sys tem i n t o  a compact l o w  weight  assembly. 
Rather  e a s e  o f  c o n t r o l  and m o d i f i c a t i o n  were t h e  key c o n s i d e r a t i o n .  

I n f l u e n c e  of E l e c t r o d e  
S t r u c t u r e  on C e l l  Des ign  : .  
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E l e c t r o d e  p r e p a r a t i o n  v a r i a b l e s  can  have a profound a f f e c t  on c e l l  des ign .  
As ide  from t h e i r  obv ious  role  i n  c e l l  o u t p u t ,  t h e  e x t e n t  t o  which t h e  c o n t r o l  and 
m a i n t a i n  t h e  i n t e r f a c e  between r e a c t a n t  .streams ( f u e l - e l e c t r o l y t e ,  e l e c t r o l y t e - a i r )  



. . .  
2bb 

2c 
i s  e s p e c i a l l y  impor tan t  t o  c e l l  d e s i g n  s i n c e  a t  t h e  t empera tu res  (150 t o  250OC) r e -  
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P r e l i m i n a r y  expe r imen t s  i n d i c a t e d  t h a t  a t h i n  porous  Te f lon  f i l m  (10  
micron po res )  app l i ed .  t o  t h e  a i r  s i d e  of t h e  c a t h o d e  cou ld  provide  t h e  r e q u i r e d  
i n t e r f a c e  c o n t r o l  w i thou t  l o s s  i n  e l e c t r o d e  per formance .  However, oxygen t r a n s -  
por t .  was observed wi th  a commercial  porous  'Te f lon  l amina ted  e l e c t r o d e  s t r u c t u r e .  
Consequen t ly ,  t e s t s  were conducted  t o  de t e rmine  t h e  e f f e c t  of c l a d d i n g  pore  d i -  
ameter  on ca thode  performance and oxygen t r a n s p o r t  u s i n g  Te f lon  f i l m s  w i t h  po res  
r ang ing  from 5 t o  100 mic rons .  Th i s  s t u d y  i n d i c a t e d  t h a t  pore  d i a m e t e r  i s  an  i m -  
p o r t a n t  pa rame te r .  Optimum oxygen and a i r  per formance  was o b t a i n e d  when t e n  micron 
pore'  T e f l o n  f i l m s  were l amina ted  t o  t h e  c a t h o d e ,  and no oxygen t r a n s p o r t  was ob- 
s e r v e d  a t  t h i s  pore  d i a m e t e r .  

A s  a r e s u l t  of t h e s e  s t u d i e s ,  t h r e e  p o t e n t i a l  ca thode  sys tems have been 
developed  f o r  t h e  hydroca rbon-a i r  t o t a l  c e l l  sys t em.  
s i n t e r e d  p l a t inum Tef lon  e l e c t r o d e  l amina ted  t o  a 3 .5  m i l  (10 micron  po re )  porous 
T e f l o n  f i l m ,  ( s i m i l a r  t o  t h e  anode s t r u c t u r e )  (2 )  a 10 mg Pt/cm2 Cyanamid AA-1 elec- 
t r o d e  bonded t o  a porous  Te f lon  f i l m  and (3 )  a 2 .5  mg Pt/cm2 s i n t e r e d  carbon Te f lon  
s t r u c t u r e .  The a i r  performance of t h e s e  p o t e n t i a l  c a n d i d a t e  sys tems are summarized 
i n  F i g u r e  2 .  As e x p e c t e d ,  t h e  ca thode  w i t h  t h e  h i g h e s t  p l a t inum l o a d i n g  gave the  

' b e s t  performance .  
w i t h  the bonded Cyanamid AA-1  e l e c t r o d e  a t  t h e  expense  of on ly  70 mv d e b i t .  The 
ca rbon  ca thode  was r e j e c t e d  because  of i t s  r a t h e r  poor open c i r c u i t  and load  r eponse  
and i t s  high decane s e n s i t i v i t y .  

These i n c l u d e  a (1 )  50 mg Pt/cm2 

However, a f i v e - f o l d  r e d u c t i o n  i n  c a t a l y s t  l o a d i n g  was ob ta ined  

Maintenance of ca thode  i n t e g r i t y  h a s  found t o  be the  key t o  s u c c e s s f u l  
t o t a l  c e l l  o p e r a t i o n .  T h e r e f o r e ,  a s e r i e s  of s i n g l e  and n i u l t i c e l l  tes ts  were con- 
duc ted  v a r y i n g  ca thode  c o n f i g u r a t i o n  w h i l e  h o l d i n g  t h e  anode c o n f i g u r a t i o n  f i x e d .  
These t e s t s  used a 10 cm2 ( 1 . 5  i n c h  d i ame te r )  c e l l  t o  e l i m i n a t e  s c a l e - u p  problems 
and minimize hydrocarbon hold-up  i n  t h e  e v e n t  of ca thode  f a i l u r e s .  A n a l y s i s  of 
t h e s e  d a t a  i n d i c a t e s  t h a t  t h e  i n i t i a l  per formance  of both' t h e  c l a d  Cyanamid AA-1 
e l ec t r ' ode  and t h e  l amina ted  s i n t e r e d  p la t inum-Tef  lon  s t u d i e s  a r e  q u i t e  comparable 
d e s p i t e  t h e  f i v e - f o l d  v a r i a t i o n  i n  p l a t inum c o n t e n t .  The ave rage  c e l l  performance 
o b t a i n e d  i n  t h e s e  s i n g l e  and m u l t i c e l l  tes ts  a r e  shown i n  F i g u r e  3.  The f i v e  
a s s e m b l i e s  t e s t e d  f e l l  e s s e n t i a l l y  on a s i n g l e  cu rve  w i t h  an ave rage  peak power 
c a p a b i l i t y  of 17 mw/cm2 on oxygen and 14 mw/cm2 on a i r .  
s t a c k  gave 2 1  mw/cm2 on oxygen and 1 7  mw/cm2 on a i r .  Th i s  compares q u i t e  w e l l  w i t h  
per formance  p r o j e c t i o n s  based  on h a l f  c e l l  measurements (22  and 19 mw/cm2 on oxygen 
and a i r  r e s p e c t i v e l y  i n c l u d i n g  c e l l  r e s i s t a n c e  l o s s )  . Thus ,  bo th  t h e s e  e l e c t r o d e s  
would  b e  s u i t a b l e  f o r  t o t a l  c e l l  sys t ems .  However, t h e  Cyanamid AA-1 s t r u c t u r e  was 
found t o  be q u i t e  s e n s i t i v e  t o  decane  "poisoning"  which cou ld  occur  i n  t h e  even t  o f  
sys tem u p s e t s .  
a d e q u a t e  v e n t i n g  and decane  r e s i d e n c e  s p a c e .  In f a c t ,  t h i s  decane  s e n s i t i v i t y  i n -  
c r e a s e d  w i t h  d e c r e a s i n g  p l a t inum l o a d i n g ;  t h e  2 .5  mg Pt/cm2 carbon e l e c t r o d e  was t h e  
most s e n s i t i v e  and t h e  50 mg Pt/cm2 l amina ted  c a t h o d e  l e a s t  s e n s i t i v e .  
t h e  50 mg/cm2 l amina ted  ca thode  was s e l e c t e d  f o r  use i n  t h e  f i n a l  4" x 4" f i v e . c e l 1  
assembly  t o  rninimize per formance  l o s s e s  r e s u l t i n g  from c o n t r o l  sys tem u p s e t s .  

However, t h e  b e s t  t h r e e  c e l l  

The 10 cm2 c e l l  w a s  p a r t i c u l a r l y  s e n s i t i v e  t o  t h i s  because  of i n -  

Consequent ly ,  

L i q u i d  Decane-Air System D e s c r i p t i o n  

L iqu id  hydrocarbon (decane)  t r a n s p o r t  th rough t h e  c a t h o d e  canno t  be ignored  
i n  c e l l  d e s i g n  e s p e c i a l l y  when oxygen o r  a i r  t r a n s p o r t  th rough t h e  c a t h o d e  s t r u c t u r e  
i s  even  a remote p o s s i b i l i t y .  Impingement of l i q u i d  hydrocarbon on t h e  a c t i v e  ca thode  
c o u l d  r e s u l t  i n  a s e v e r e  per formance  d e b i t  and  i f  oxygen a t m o l y s i s  o c c u r s ,  and d e t o -  
n a t i o n  i s  p o s s i b l e .  In a d d i t i o n ,  t h e  combined e f f e c t  o f  f u e l  t r a n s p o r t  and ca rbon  
d i o x i d e  r e j e c t i o n  in t h e  i n t e r e l e c t r o d e  s p a c e  can  r e s u l t  i n  e x c e s s i v e  c e l l  i n t e r n a l  
r e s i s t a n c e  l o s s e s  i f  adequa te  r e s i d e n c e  and v e n t i n g  space  i s  n o t  p rov ided .  The l i q u i d  
d e c a n e - a i r  f i v e  c e l l  b a t t e r y  w a s  e x p r e s s l y  des igned  t o  m i t i g a t e  some of t h e s e  problems 
even  a t  t h e  expense  of some s t a c k  power o u t p u t .  
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A schemat i c  o f  t h e  4" x 4" u n i t  c e l l  (80 cm2 e f f e c t i v e  a r e a )  used i n  t h i s  
b a t t e r y  i s  shown i n  F i g u r e  4 .  I t  c o n s i s t s  of t h r e e  chambers,  a c e n t r a l  e l e c t r o l y t e  
chamber 0 
s e p a r a t o r  6 a l s o  s e r v e s  a s  a n  e l e c t r o d e  s u p p o r t  p a r t i t i o n  t o  m a i n t a i n  a small i n t e r -  
f e r e n c e  € i t  t o  i n s u r e  good e l e c t r i c a l  c o n t a c t  between t h e  e l e c t r o d e  and t h e  c u r r e n t  
c o l l e c t o r .  A i r  i s  f e d  t o  t h e  t o p  of t h e  ca thode  chamber and exhaus ted  a t  t h e  bottom, 
removing p roduc t  w a t e r .  L i q u i d  decane  i s  pumped i n  a t  t h e  bot tom of t h e  f u e l  chamber-- 
i t  t h e n , p e r c o l a t e s  th rough t h e  porous Tef lon  b a r r i e r  t o  t h e  anode where part of t he  
f u e l  i s  consumed'electrochemically and the  remainder  i s  t r a n s p o r t e d  i n t o  t h e  e l e c -  
t r o l y t e  s p a c e .  Phosphor ic  a c i d  (14 .7  M) e l e c t r o l y t e  i s  a l s o  f e d  from e n t r y  p o r t s  a t  
t h e  bot tom of the  c e l l .  The e l e c t r o l y t e  l e v e l  i s  c o n t r o l l e d  by an  e x i t  weir l o c a t e d  
w e l l  above t h e  a c t i v e  e l e c t r o d e  zone .  This  p rov ides  a .decane r e s i d e n c e  space  above 
t h e  e l e c t r o d e s  t o  p reven t  ca thode  c o n t a c t .  The e l e c t r o l y t e  f low r a t e  and chamber 
t h i c k n e s s  were s e l e c t e d  t o  sweep t h e  t r a n s p o r t e d  f u e l  from t h e  c e l l  w i thou t  ca thode  
c o n t a c t .  The f u e i  and e l e c t r o l y t e  a r e  s e p a r a t e d  i n  t h e  e l e c t r o l y t e  tank  ( u s i n g  over- 
f l ow w e i r s )  and the  r ecove red  f u e l  i s  p e r c o l a t e d  through a s i l i c a  ge l co lumn p r i o r  t o  
i t s  r e t u r n  t o  the  f u e l  t ank  f o r  r e u s e .  Th i s  i s  i l l u s t r a t e d  i n  a s i m p l i f i e d  system 
f low d iagram,  F igu re  5 .  In a d d i t i o n ,  bo th  f u e l  and e l e c t r o l y t e  chambers a r e  f i t t e d  
w i t h  g a s  v e n t  chambers t o  f a c i l i t a t e  carbon d i o x i d e  r e j e c t i o n .  A s  a s a f e t y  p recau t ion  
a n i t r o g e n  purge i s  s u p p l i e d  t o  t h e s e  ven t s  when o p e r a t i n g  w i t h  oxygen a t  t h e  ca thode .  

i n s e r t e d  between t h e  f u e l  0 and t h e  a i r  @ chambers.  The c e l l  

F i g u r e  6 shows t h e  i n d i v i d u a l  components of t h e  u n i t  c e l l .  The p l a s t i c  
frame s e c t i o n s  were f a b r i c a t e d  from a low d i s t o r t i o r .  s i l i c a  f i l l e d  Te f lon  due t o  
c r e e p  and t h e r m a l  s t r e s s  problems encoun te red  w i t h  u n f i l l e d  Te f lon  i n  sma l l  c e l l  
t e s t s .  The i n d i v i d u a l  c e l l  f rames  s e r v e  t o  form t h e  v a r i o u s  i n l e t ,  v e n t  and ex- 
h a u s t  man i fo lds  €o r  a l l  t h e  r e a c t a n t  s t r e a m s .  The e l e c t r o l y t e  chamber t h i c k n e s s  
was s e t  a t  110 m i l s  t o  i n s u r e  t h a t  t h e  3 cm3/min/cell  e l e c t r o l y t e  f low could  sweep  
t h e  t r a n s p o r t e d  decane i n t o  t h e  decane  r e s i d e n c e  space  b e f o r e  i t  c o n t a c t e d  t h e  ca thode .  
The decane  r e s idence -ven t  s p a c e  and exi t  weir (shown i n  t h e  back view of t h e  e l e c -  
t r o l y t e  chamber) was a l s o  p rov ided  t o  he lp  c o n t r o l  t h e  decane i n v e n t o r y .  The r e s u l t -  
i n g  u n i t  c e l l  r e q u i r e s  0.45  i n c h e s ,  However, a 0.25 inch  c e l l  cou ld  be  developed f o r  
u s e  i n  h igh  power systems. The assembled  f i v e  c e l l  b a t t e r y  i l l u s t r a t e d  i n  F i g u r e  7 
i s  s e r i e s  connec ted  u s i n g  e x t e r n a l  c u r r e n t  c o l l e c t i o n  bus b a r s  on both  s i d e s  of t he  
c o l l e c t o r  t o  reduce  " b u s  ba r "  r e s i s t a n c e  l o s s e s  i n  t h e  ' c e l l  c u r r e n t  c o l l e c t o r .  This 
s e r i e s  arrangerrent minimizes t h e  e f f e c t  of s h o r t  t i m e  vo l ta .ge  o s c i l l a t i o n s  encountered  
w i t h  l i q u i d  hydrocarbon f u e l s  a t  h igh  c u r r e n t  d e n s i t i e s .  These o s c i l l a t i o n s  can  be 
q u i t e  l a r g e  ( u p  t o  0 . 4  v o l t s / c e l l )  depending on e l e c t r o d e  s t r u c t u r e ,  s t ' a r t -up  
h i s t o r y  and c u r r e n t  d e n s i t y .  The o v e r a l l  d imens ions  of t h e  s t a c k  a r e  6-1/4" x 
6-3 /4"  x 4 -1 /2"  i n c l u d i n g  end p l a t e s  and B e l v i l l e  s p r i n g  c l o s u r e  ( f i v e  c e l l s  r e q u i r e  
on ly  2-1 /4  inches )  r e q u i r e d  a s  a r e s u l t  of d i f f e r e n t i a l  expans ion  on s t a r t - u p  and 
shut-down. Older  c l o s u r e s  f a i l e d  t o  m a i n t a i n  s t a c k  i n t e g r i t y  f o r  more than  one s t a r t -  
up shut-down c y c l e .  

F u e l  Cel l  System E v a l u a t i o n  

The l i q u i d  d e c a n e - a i r  f u e l  c e l l  b a t t e r y  d e s c r i b e d  i n  t h e  p reced ing  s e c t i o n  
was used  t o  de t e rmine  i f  t h e r e  is any e n g i n e e r i n g  o b s t a c l e  t o  t h e  development of a 
d i r e c t  l i q u i d  decane -a i r  f u e l  c e l l  b a t t e r y .  Towards t h i s  end ,  t es t s  were conducted 
t o  s t u d y  t h e  e f f e c t s  of sys tem s c a l e - u p  on c e l l  o p e r a t i o n  and e l e c t r o d e  l i f e .  Three 
i n d i v i d u a l  a s sembl i e s  were p r e p a r e d ,  two were used i n  our  l a b o r a t o r y  f o r  sys tems 
s t u d i e s ,  w h i l e  t h e  t h i r d  was d e l i v e r e d  t o  U.S.A. E l e c t r o n i c s  Command ( F o r t  Monmouth) 
a s  a b a t t e r y  demons t r a to r .  

The i n i t i a l  per formance  o b t a i n e d  w i t h  a s s e m b l i e s  1 and 3 are summarized i n  
F i g u r e  8 .  Average v a l u e s  were used s i n c e  on ly  t h r e e  a s s e m b l i e s  were p repa red  and 
f a b r i c a t e d  r e p e a t a b i l i t y  cou ld  n o t  be e s t a b l i s h e d .  The oxygen performance was i n  
f a i r l y  good agreement w i t h  t h e  r e su l t s  ob ta ined  i n  t h e  1.5 inch  d i a m e t e r  c e l l ,  
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a l t h o u g h  a 200 mv (40 m v / c e l l )  d e b i t  w a s  observed a t  5 amps. 
n o t e d  on a i r ,  however, 3 . 5  amps w a s  t h e  maximum c u r r e n t  p o s s i b l e  w i t h o u t  dropping  
below 0.2 v o l t s / c e l l  ( a  s a f e t y  c u t - o f f  p o i n t ) .  
due t o  some decane t r a n s p o r t  a c r o s s  t h e  e l e c t r o l y t e  chamber t o  t h e  c a t h o d e  s i n c e  i n  
t h e  i n i t i a l  tes ts  (Assembly 1) t h e  performance of t h e  i n d i v i d u a l  c e l l s  proved t o  be 
s e n s i t i v e  t o  e l e c t r o l y t e  f low d i s t r i b u t i o n .  
i n g  an  e l e c t r o l y t e  b a l a n c e  p r e s s u r e  l i n e  to  b o t h  end p l a t e  e l e c t r o l y t e  d i s t r i b u t i o n  
m a n i f o l d s .  D e s p i t e  t h i s  loss t h e  second (#3) f i v e  c e l l  assembly produced 6 watts on 
oxygen and 3 .5  t o  3 . 7  w a t t s  on a i r .  

A similar r e s p o n s e  was 

T h i s  poor a i r  per formance  i s  probably 

T h i s  was s u b s e q u e n t l y  c o r r e c t e d  by open- 

Next t h e  use  of wide b o i l i n g  range  f u e l s  w a s  b r i e f l y  examined t o  assess 
problems i n t r o d u c e d  by a r e a l i s t i c  f u e l .  
f u e l  (OTF-90, b o i l i n g  r a n g e  195-290°C) was s i l i ca  g e l  p e r c o l a t e d  and  f e d  t o  t h e  c e l l  
th rough t h e  normal f u e l  f e e d  sys tem.  The r e s u l t s  shown i n  F i g u r e  9 i n d i c a t e  a t h r e e -  
f o l d  r e d u c t i o n  i n  power c a p a b i l i t y  w i t h  t h i s  i s o p a r a f i n i c  f u e l .  
o p e r a t i n g  system i n d i c a t e d  t h a t  t h i s  was due t o  i n c r e a s e d  f u e l  t r a n s p o r t  th rough t h e  
anode w i t h  a r e s u l t a n t  i n c r e a s e d  c a t h o d e  d e b i t .  
f u e l  were recovered  from t h e  e x i t  a i r  stream. 
upon r e t u r n i n g  t o  t h e  n-decane f u e l .  T h e r e f o r e ,  i t  a p p e a r s  t h a t  a r e d u c t i o n  i n  f u e l  
t r a n s p o r t  should  a l s o  improve performance on wide b o i l i n g  r a n g e  i s o p a r a f f i n i c  f u e l s .  

A s p e c i a l  low s u l f u r  i s o p a r a f f i n i c  tu rbo-  

I n s p e c t i o n  3f  t h e  

I n d e e d ,  s i g n i f i c a n t  q u a n t i t i e s  of 
However, no performance loss w a s  noted  

The d e c a n e - a i r  performance h i s t o r y  of assembly 3 i s  summarized i n  F i g u r e  l o ,  
which i s  a p l o t  of s t a c k  power ( a t  1-1.5 amps) v e r s u s  t i m e  a t  150°C (-40% of t h i s  
under  l o a d ) .  Not ice  t h a t  s t a c k  power d r o p s  markedly d u r i n g  t h e  f i r s t  100 h o u r s  and 
then  t e n d s  t o  s t a b i l i z e  a t  about  50% of i t s  o r i g i n a l  v a l u e .  As i n d i c a t e d  i n  t h e  
f i g u r e ,  t h e  b a t t e r y  w a s  s h u t  down t h r e e  t i m e s  d u r i n g  t h i s  program t o  assess t h e  
a f f e c t  of thermal  expans ion  damage on c a t h o d e  per formance .  A f t e r  t h e  second s h u t -  
down, c a t h o d e  leakage  w a s  n o t e d  which became worse a f t e r  t h e  400 hour  s h u t  down. Thus,  
i c  a p p e a r s  t h a t  h y d r o c a r b o n - a i r  b a t t e r i e s  w i l l  have t o  remain  a t  t h e i r  o p e r a t i n g  
t e m p e r a t u r e  d u r i n g  t h e i r  s e r v i c e  l i f e .  

A t  400 h o u r s ,  some pe t ro leum d e r i v e d  decane ( c o n t a i n i n g  a l k y l  a r o m a t i c s )  
was i n a d v e r t e n t l y  f e d  t o  t h e  s t a c k .  Opera t ion  on t h i s  contaminated  f u e l  r e s u l t e d  i n  
an immediate  performance loss which was n o t  f u l l y  r e c o v e r e d  a t  560 hours  when t h e  
t e s t  w a s  t e r m i n a t e d .  T h i s  i s  i n  d i r e c t  c o n t r a s t  t o  t h e  r e v e r s i b l e  r e s p o n s e  observed 
w i t h  t h e  0°F-90 f u e l .  A f u r t h e r  i n d i c a t i o n  t h a t  t h e  poor performance of t h e  wide 
b o i l i n g  range  f u e l  was n o t  due t o  anode p o i s o n i n g .  From t h e  f o r e g o i n g ,  i t  a p p e a r s  
t h a t  o p e r a t i o n  w i t h  commercial f u e l s  is  n o t  a s i g n i f i c a n t  problem p e r  s e .  However, 
some f u e l  p u r i f i c a t i o n  w i l l  b e  r e q u i r e d  t o  remove s u l f u r ,  s u r f a c e a n t s ,  and a l k y l  
a r o m a t i c s .  

Conclus ions  

The development of t h i s  f i v e  c e l l  d i r e c t  l i q u i d  d e c a n e - a i r  b a t t e r y  has  
d e m o n s t r a t e d  t h a t  o p e r a t i o n  w i t h  f u e l  t r a n s p o r t  i s  f e a s i b l e .  However, decane t r a n s -  
p o r t  t o  t h e  ca thode  can  impai r  c e l l  performance i f  t h e  e l e c t r o l y t e  chamber does  n o t  
c o n t a i n  a d e q u a t e  decane r e s i d e n c e  and v e n t  s p a c e .  In a d d i t i o n ,  a f u e l  r e c o v e r y  
s y s t e m  i s  r e q u i r e d  t o  m a i n t a i n  coulombic e f f i c i e n c y .  D e s p i t e  t h e s e  problems,  t h e  f i v e  
c e l l  s t a c k  was c a p a b l e  of d e l i v e r i n g  6 watts on decane-oxygen and 3 . 7  w a t t s  on decane 
a i r  f e e d s .  However, improved e l e c t r o d e  s t r u c t u r e s  a r e  r e q u i r e d  s i n c e  s i g n i f i c a n t  
performance l o s s e s  were n o t e d  i n  ex tended  tes ts .  These c a n  amount t o  up t o  50% of 
t h e  i n i t i a l  performance e s p e c i a l l y  i f  numerous c o l d  s h u t  downs are r e q u i r e d .  

Tests w i t h  a wide b o i l i n g  commercial f u e l  (0°F-90) i n d i c a t e s  t h a t  t h e s e  
f u e l s  would p r e s e n t  no new e n g i n e e r i n g  problems,  b u t  performance i s  i m p a i r e d  due t o  
i n c r e a s e d  f u e l  t r a n s p o r t  which r e s u l t s  i n  an i n c r e a s e d  c a t h o d e  d e b i t .  In a d d i t i o n ,  
some f u e l  p u r i f i c a t i o n  w i l l  b e  r e q u i r e d  t o  remove p o t e n t i a l  c a t a l y s t  p o i s o n s ;  t h i s  

D problem i s  c u r r e n t l y  under  s t u d y .  

1 
\ 
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Thus, t h i s  s t u d y  h a s  e s t a b l i s h e d  t h a t  t h e r e  d o .  no t  appear  t o  be any 
e n g i n e e r i n g  o b s t a c l e s  t o  t h e  development of a h igh  power' d e n s i t y ,  d r i e c t  l i q u i d .  hydro- 
c a r b o n - a i r  € u e l  c e l l  b a t t e r y .  Unfo r tuna te ly ,  on ly  p l a t inum e l e c t r o d e s  have shown 
s u i t a b l e  e l e c t r o c h e m i c a l  a c t i v i t y  .and t h e  q u a n t i t i e s  . r equ i r ed  p rec lude  any e x t e n s i v e  ' .  
commercial  a p p l i c a t i o n s .  Thus ,  a d i r e c t  l i q u i d  hydroca rbon-a i r  f u e l  c e l l  b a t t e r y  i s  ' 

t e a s i b l e  provided  t h a t  t h e  n o b l e  me ta l  c a t a l y s t  r equ i r emen t s  can  b e  s u b s t a n t i a l l y  re- 
duced through improved u t i l i z a t i o n  o r  rep lacement  w i t h  non-noble  sys tems .' Work i n  
b o t h  t h e s e  a r e a s  appears q u i t e  promis ing  and t e n - f o l d  improvements , in  p la t inum u t i l i z a -  
t i o n  have a l r e a d i  been demons t r a t ed  w i t h  expe r imen ta l  e l e c t r o d e s  i n d i c a t i n g  t h a t  
f u r t h e r  improvements may be p o s s i b l e .  
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E l e c t r o d e  F a b r i c a t i o n  P rocedure  C r i t i c a l  
t o  L iqu id  Hydrocarbon Per tormance  

- 
A 

S i n t e r e d  Carbon T e f l o n  - 2.5 mg/cm2 

Laminated S.P.T.E. 50 mg/cm2 
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Clad Cyanamid AA-1, 1500 p s i ,  10 mg/cm2 
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I n t e g r a l  Laminate  
B a r r i e r  E l e c t r o d e  
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C u r r e n t  D e n s i t y ,  ma/cm2 

F i g u r e  2 

A i r  Performance of Cand ida te  
Cathodes  f o r  Hydrocarbon-Air Cel l  
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F i g u r e  3 

I n i t i a l  Performance Data Decane F u e l  C e l l s  

(10 cm2 C e l l s )  

1 S i n g l e  C e l l  Assembly 
14.7 M H?POl, - 150°C 

Anodes: 50 rng/cm2 SPTE 
Cathodes:  Various ' 

02 Peak Power 
17-21 rnw/cm2 

Peak Pcwer 
14-17 mw/cm2 

1 I I I 
20 40 60 80 1( 

Cur ren t  D e n s i t y ,  ma/cm2 

Fue l  Vent 

Fue l  E s i t  
Anode B a r r i e r  

( C 0 2 )  

Anode. 
Fue l  I n l e t  

F i g u r e  4 

Diagram of I n d i v i d u a l  Cel l  Un i t  

* E l e c t r o l y t e  Vent 

* E l e c t r o l y t e  E x i t  
A i r  I n l e t  

Cathode B a r r i e r  
Cathode 

+ Excess  A i r  + H20 

E l e c t r o l y t e  I n l e t  
.169" .125" ' 

I .L 
T .125*  

$6 C11o.I 

0.450 
- 
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F i g u r e  5 

S i m p l i f i e d  Decane A i r  F u e l  C e l l  B a t t e r y  Schemat i c  

Figure 6 

COMPONENTS OF DECANE-AIR UNIT C E L L  
(SILICA FILLED T F E )  

I 

\ 



Figtire 7 

LIQUID DECANE-AIR FUEL CELL 
F IVE CELL BATTERY 

CURRENT 
BUS BARS \ 

ELECTROLYTE 
VENT 

FUEL 
VENT 2--- 

FUEL 
EXIT 

ELECTROLYTE 
EXIT 

AIR 
EXHAUST 
REVERSE 

SIDE 

SPRING 
CLOSURE 

CENTER CELL 
ELECTROLYTE 

/ THERMOCOUPLE 
(0.04 in. DIA.) 

NITROGEN 
PURGE 
INLETS 

AIR 
INLET 

LIQUID 
FUEL 
INLET 

ELECTROLYTE 
INLET 

Figure  8 

I n i t i a l  Performance 4'' x 4" Decane Fuel  C e l l  Assembly 

(Average of Assemblies 1 and 3) 

--Predicted from 1.5 inch  
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